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Invariant Geodetic Problems
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The concept of n-dimensional projectively-rigid body is introduced and its connection to
the concept of (n+ 1)-dimensional incompressible affinely-rigid body is analysed. The equa-
tions of geodetic motion for such a projectively-rigid body are obtained. As an instructive
example, the special case of n = 1 is investigated.

1 Introduction

The concept of the metrically-rigid body have played a very important role in the theoretical and
applied mechanics (see e.g. [1]), mainly because our macroscopic environment is dominated by
objects which are approximately rigid. But what would happen if we went forward and got rid
of the metrical properties keeping the concept of rigidness? Such problems in the application to
the theory of continuous media were investigated in [2-10], where the concept of an affinely-rigid
body as a medium the deformative behaviour of which is restricted to performing homogeneous
deformations only was developed. Other applications are also possible, e.g. in the theory of
large oscillations of molecules, small mono-crystals, atomic nuclei and even in the theory of
elementary particles. In fact, an affinely-rigid body in an amorphous affine space is an obvious
counterpart of the usual metrically-rigid body in a Euclidean space. But we need not to get rid
of the metric once and for all, we may introduce it in our consideration at any step, and that
is what makes this approach attractive. For example, to be able to introduce the notion of the
kinetic energy, we should have some fixed Euclidean metric.

Let us explain this more precisely and consider the classical system of points (discrete or
continuous), which is placed in the physical space M. We assume that the material points are
distinguishable and label them by means of points of an auxiliary space N, which is called the
material space (e.g. we may choose these labels as initial positions of all points at the moment ).
Let V and U be the linear spaces of translations (free vectors) in M and N, respectively, then
(M,V,—) and (N,U, —) are affine spaces. The position of the a-th material point at the time
instant ¢ is denoted by z(t,a) (x € M, a € N). If the system is continuous, the label a and
position x become the Lagrangian and Eulerian radius-vectors (material and physical variables),
respectively. If the dimensions of M and N are equal, then we can impose such constraints of
affine rigidness that the connection between material and physical variables is as follows:

't a) = os(t)a? +7i(t), i,B=T,n, n=dim(M)=dim(N). (1)

Now we have two opposite possibilities to introduce the metric: a) in the physical space (then
g € V*®V™* is the metric tensor and (M, V, —, g) is the corresponding Euclidean space) or b) in
the material space (then n € U* ® U* is the metric tensor and (N, U, —,n) is the corresponding
Euclidean space). In the case a) distances in N are measured by means of the configuration-
dependent Green deformation tensor G = ¢*¢ and in the case b) in M they are measured by
means of the configuration dependent Cauchy deformation tensor C' = @,n. Although the first
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possibility is more physical, the second one also has attractive features (e.g. then we have the
situation very similar to the one in the general relativity, i.e. in the physical space there is no
fixed metric geometry at all and the components of the metric tensor are included in the physical
degrees of freedom and dynamically coupled with matter distribution).

In the present paper we would like to consider even more “amorphous” case, which we obtain
from (1) by generalizing our affine constraints to the projective ones:

Al (t)a® + b ()
cp(t)al +d(t)”’

zi(t,a) =

Ad—bec#0, i,B,D=T1,n. (2)

Then at any fixed time ¢ € R the configuration space @ of our problem is identical with the
projective group Pr(n,R) D GAf(n,R) (for N = M = R") and such a system of material
points is called the projectively-rigid body. Due to the isomorphism Pr (n,R) ~ SL (n+1,R) we
may rewrite those constraints (2) in n dimensions as the constraints defining an incompressible
affinely-rigid body in n 4+ 1 dimensions, i.e.

xH(t,a) = b (t)a", p= < f Z >, det o =1, v =0,n.

The additional variable is called 0-th only for convenience reasons. The new configuration
space @ is identical with the unimodular linear group SL(n 4+ 1,R). We may introduce also
non-holonomic velocities instead of the very ¢, i.e. Q = pp~! and 0= @ 1p. They are related
to each other by the configuration-dependent similarity transformation: Q = gpfhp—l.

2 Left and right invariant geodetic problems

Let us consider the left-invariant geodetic problem on the projective group Pr(n,R) (or equiva-
lently on the unimodular linear group SL (n + 1,R)), which is also right-invariant under the
orthogonal subgroup SO (n + 1,R):
J N o A .
Tiopy = 5 Tr (Q70) + 5 Tr (27) + g(Tr 0)?, (3)
and the right-invariant geodetic problem on the projective group, which is left-invariant under
the orthogonal subgroup:

T = T (070) + 5T () 5 (170", o

where J, «, § are generalized inertial constants, the second and third terms for both kinetic
energies are identical and are the Casimir invariants.

The most adequate description of internal degrees of freedom is that based on the two-polar
decomposition, i.e. we split the system of degrees of freedom into three subsystems: ¢ = LDR”,
where L, R € SO (n+1,R) are special orthogonal matrices (LTL = RTR = I, det L = det R = 1)
and D is diagonal, positive and det D = 1. If we take D** = exp(g*), then Zu ¢" = 0. In this
way our system is formally represented as a composition of two (n + 1)-dimensional fictitious
rigid bodies (systems of principal axes of the Cauchy and Green deformation tensors) and n
independent material points oscillating along the straight line R. Orthogonal transformations L
and R diagonalize the Cauchy and Green deformation tensors: C' = LD 2LT and G = RD?R".
If there is no coincidence of diagonal elements of D, i.e. if the spectra of C' and G are simple,
then the two-polar decomposition is finitely non-unique: ¢ = LDRT = LDRT, where L = LO,,
D = O:'DO,, RT = RO, and O, is an orthogonal representation of the permutation group
with the restriction O Diag (ql, . ,q”“‘l) O:' = Diag (q”(l), ey q“("+1)), ie. Spp1 O T —
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Or € SO (n + 1,R). The components of matrices O are only 0 or +1, i.e. in any row and
column there is only one non-vanishing element. If the spectrum of C' and G is non-simple, then
the non-uniqueness of decomposition becomes continuous. An extreme situation occurs when D
is completely degenerate (proportional to the unit matrix), then no meaning may be assigned
separately to L and R, only LR is well-defined.

It is convenient to introduce non-holonomic variables adapted to the two-polar decomposition,
i.e. velocity ¢ and non-holonomic angular velocities of the L and R rigid bodies in the co-moving
representation: A = LTL = —AT and p = RTR = —p”. Then the kinetic energies (3) and (4)
may be rewritten in the combined form (the upper expression is related to the left-invariant and
the lower one to the right-invariant problems) as follows:

J+ o

Tr (D*D™?) + (J — @) Tr (ADpD )

a ooy J AD?AD™2 + p?
+2Tr(/\ + p%) 2Tr()\2+pD2pD_2 .

et /right =

We see that the constant (3 is absent in T /rigny because of the condition det D =1 ~ > L q" = 0.
If we explicitly substitute this condition into the expression for the kinetic energy, i.e. ¢* =

n .
— > ¢', then we can rewrite the previous formula in the following form:

=1
J+ = 5\ 2 \2
Tieft/right = 9 Z (q ) + <Q>
i=1
n 1 n
+ Z Vieft/right(|ql + <q>‘7 )\Oia pOi) + 5 Z Uleft/right(\ql — qj ’, /\ija pij), (5)
=1 3,7=1
n .
where (o) = oJ one-point and binary effective interaction potentials are as follows:

=1

2
Vieft /right = (J — a) [()‘Oi)2 + (poi)® — 2X0ipoi ch (¢' + <C]>)} + QJ{ 2(()); } sh? (¢' + (q)) ,

2
9 9 4 . Ao . .
Uleft jright = (J — @) [(/\ij) + (pij)” — 2Nijpij ch (¢" — q])} + QJ{ p” } sh? (¢" — ¢’) .
i
Let us define the canonical affine momenta (p, j, k), which are conjugate to (¢, A, p), respec-
tively. Here j and k are skew-symmetric matrices expressing the co-moving representation of
the angular momenta of L and R rigid bodies. The Legendre transformation reads:

8Crleft /right ¥ . N 1 1
pi= I () [i 4 0] = b = [ )

. 8Te ri i )\Z i
Joi = w =2(J —a) [Xoi — poich (¢" + (q))] +4J{ (()) }Sh? (¢"+ (a)),

. 87jleft/right . ' ‘ i 1.2 (i
o = L ) [ — At g+ ()] + 47 {0 b (¢ (0,
. ajﬂle ri 7 j )\1 7 j : .
Jij = 71(9??& =2(J —a) [Nj — pijch (¢’ — )] +4J{ o }Sh2 (¢ —-d), i<y
ij
8,Tleft/right

kij: ~ :2(J—a)[pij—)\ijch(qi—qj)}+4J{ B }ShZ(qi—qj), ’L<]
ang Pij
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The non-vanishing basic Poisson brackets have the following form: {q¢’, p;} = 5;-, {Juws ro} =
jua(;nu _jHV(SMJ +jau5un _j/ﬂi(so'l/ and {kuua kma} = kua(sml - kmléua + ko’l/(;/tﬁ, - kuﬁdo'l/' It is more
convenient later on to use the auxiliary variables R := —j —k = —RT and A :=j — k = —AT
instead of the very j and k:

ROi:4:(J_O‘)()\Oi+POz) h2< 5 ) { }Sh2Q+<>)]

Agi =4 (JOZ)()\OiPOi)Ch2<22 > {_pOZ}ShqurU)]

Rij:4(J—a)(>\U+p”)sh2< _> {p”}sh2 qj)], i < g,

Ajj =4|(J = @) (Aij — pij) ch? (L ;q ) +J{ /\;)] }sh2 (qi—qj)] . i<
L i
They satisfy the following Poisson bracket rules: {R,,,Ruic} = {Auw,Ave} = —Ruecluy +
Rm/(;/w' - Rauéun + R,u/iéau and {Ruuv Ana} = _Auafsﬁu + ANV(s/J,O' - Aauéun + Aunéau-
Geodetic Hamiltonians corresponding to our kinetic energies (5) may be written as follows:

n n

1 2 1 2 1 2 2
23 . [ — e [ A
SSleft /right 2(J ¥+ a) z; (p’b) n+1 <p> + 32(J — a) N;Q [R;U'V + p,z/] (6)
J
=+ m Z R;WA;W‘FZ%H |q +< >| ROlaAOZ Z Ueﬂ |q —q | R’L]7A’L])
w,v=0 i=1 1,j=1

where even in the purely geodetic problems we have the “internal” effective interaction potentials:

o=ty e (59) i (5]
}.

1 2 2 qi—qj 2 1.2 qi—qj
e — 2 cth A2 th
Uest 16(J + o) {R” ct < 5 + ”t >

The Hamilton equations of motion may be expressed in terms of Poisson brackets as follows:

dpi 1 2 a2 (d+ (@) > o (4 +(a)
is , R;. cth® | ————— | — Az th* | ————
ar et = <J+a>sh<q@+<>>{ g (5 ot
1 2 2 - @lj 2 12 qi - qj
h ) — A% th z 7
+Z J+oz)sh(q—q1){R ot ( 2 ) it 2 ’
dR/uz \gleft/rlght 8%1eft/right
= vydlko f = ap V:AK)U - 4
dt {R,U R } aRmo’ + {RH } AHU
dA,ul/ 8%1eft/1right 8gleft/right
={4 villko S " a5 A I/’ANO' a5
dt { (a2 R } 8Rno’ + { (a2 } AI{U‘

where the corresponding partial derivatives of the kinetic energies (6) have the following form:

Onefefright [ ch (¢" + (q)) — o] Roi & 2J A

ORoy;  8(J2—a?)sh?[(¢' + (g)) /2]
OBnefefright [ ch (¢" +(q)) — o] Aoi £+ 2J Ry;
0Aoi  8(J2—a?)sh?[(¢ + () /2]
OBnefefright [ ch (¢" — ¢) — o] Rij £ 2J Ay
OR;;  8(J2—a?)sh’[(¢’ — ¢/) /2]

8gleft/right _ [J ch (qi - qj) — CV] Aij + 2JR”
9A;; 8(J2 — a?)sh?[(¢' — ¢7) /2]
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3 Geodetic problems on the projective line

In n dimensions a projectively-rigid body is such a body all projective relations between con-
stituents of which during any admissible motion are invariant, i.e. material straight lines remain
straight lines and all cross-ratios of any four points placed on the same straight lines are constant.
It is interesting that the cross-ratio of four points on the line, i.e.

Ty — 21 X3 — T1

(1,22, 23, 74) = : ,
Ty — Ty T3 — T

plays here the same role as the usual mutual ratio of segments for the affine and the distance for
the metrical geometries (see e.g. [11]). After choosing the appropriate homogeneous coordinates
and adding to the consideration a set of non-proper points in the infinity, the cross-ratio is
constant under the action of the whole projective group Pr (n,R).

Let us consider now the very simple and in some sense trivial but nevertheless very illustrative
example of the one-dimensional left and right invariant geodetic problems on the projective group
Pr(1,R) ~ SL(2,R). Hence:

—q o o
p_|¢ 0 ’ - | s sin -y 7 R 09s6 sin & 7
0 et siny  cos~y sind  cosd

)\:LlL:[g _0)‘}, pZRlR:[g —Op]’ A=4,  p=4.

The kinetic energy (5) now has the following form:

_ e 2 2
=t = (J+ Q)@ + (T — ) { poe ((3?)2 ] (] + a)sh?(29) [ 22 } . (7)

The canonical momenta (p, j, k) (equivalently, the auxiliary valuables R, A) and correspon-
ding velocities (g, A, p) are connected by the Legendre transformation in the following way:

p=2 40 g =200 - @) pen(a] + 47 { bz,
b ein =207 ) o= Ach 2a)] + 47 { 0 st 2,
Ruegin =207 = )+ st - 47 { bt
Mg =207~ )0~ et + a7 { X h(ao)

Geodetic Hamiltonians corresponding to our kinetic energies (7) are as follows:

N { k2 }+ 1 [j+ch (2q)k ]2
left /right 4(J + a) 4(J _ a) j2 4(J + a) Sh2<2q) k+ch (Zq)j
p? R? + A JRA

_ + Vi (¢, R, A
T+ "6 —a) Tz —opy T Ver (-1 A),

where the one-dimensional effective potential and corresponding effective force have the following

form:

R2cth?q + A% th%g
16(J + «) ’

OV RPcth’q— A% thq

n=1 —
Ve (¢, R, A) = dq¢  4A(J + a)sh(2q)

n=1._
Fg =
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The canonical momenta j and k (equivalently R and A) in the one-dimensional case are the
constants of motion, so the Newton equation of motion of the fictitious particle on the line R in
the “internal” effective potential Ve’;f:l is as follows:

.1 ne1  R%cth?q — A%th%q
1= 50 +a) ® =~ 8(J+a)?sh(2q) ’

(8)
Assigning some special values to such constants of motion as energy F and canonical momenta

R, A we can write the first-order differential equation on the ¢ variable as follows:

9 1 . Ricth’q+ A’th’g R? + A? JRA

- Et —F—
T = T 16(J +a)2 off 1607 —a) | 4(J2 —a2)’
and finally we have the following solution of the (8):
4(J + «
t(q) = /dq Chd)
V16(7 + 0) B — R2cth?q — A2th%g

- _2({/%04_) In [RZ—AQ—GchQ(QQ) ~2VOsh q\/ 16(J + o) Elg — R2 cth?q — A2 th%q |,

where © = 16(J + a)E — 2J(R + A)?/(J — a).
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